OBJECTIVE -Sleep deprivation in healthy men has been experimentally found to result in disturbances in glucose metabolism and in sympathovagal imbalance. The aim of the present study was to investigate whether sleep disturbances and elevated resting heart rate are associated with increased risk of developing diabetes.
S
leep problems are common in the adult population according to several epidemiological studies (1) , as the amounts of hypnotics prescribed reflect as well (2) . Although long-term sleep loss is often secondary to somatic or psychiatric illness (3), it appears that insomnia may also play a more central role in the pathogenesis of somatic illness and metabolic dysregulation (4) .
Divergent sleep duration, either excessively long or excessively short, has been shown (5), together with selfreported poor sleep quality (6) , to be a predictor of overall mortality. Sleep disturbances are associated with increased levels of cardiovascular risk factors and coronary artery disease mortality (7, 8) . The sleep cycle is closely related to endocrine and metabolic functioning and to sympathovagal balance, with sleep deprivation having negative consequences for these systems. Sleep disturbances are associated with an increased concentration of cortisol and such indicators of increased sympathetic activity as elevations in pulse rate, body temperature, and epinephrine secretion (9, 10) . Experimentally, sleep deprivation has been shown to negatively affect glucose metabolism and to enhance variables associated with type 2 diabetes (11) . An elevated heart rate is a risk marker for cardiovascular disease and may, like sleep problems, reflect increased psychosocial stress.
A clinical study has shown sleep disorders to be much more common in patients with diabetes than in control subjects (12) . Studies of the obstructive sleep apnea (OSA) syndrome have indicated it to be associated with both insulin resistance and type 2 diabetes, with the causality being unclear, but it has been proposed that they are independently associated with it (13, 14) .
The aim of the present study was to investigate, in a large sample of middleaged urban men taken from a prospective population-based study, to what extent sleep disturbances and increased resting heart rate, both of which are established cardiovascular risk markers, are also independently associated with the risk of diabetes.
RESEARCH DESIGN AND METHODS -All subjects had participated originally in the Malmö Preventive Project (MPP) (15, 16) , which was carried out at the Department of Medicine of Malmö University Hospital. A total of 22,444 men born between 1921 and 1949 and recruited from 1974 to 1984 (age range when first tested 35-51 years), constituting 70 -75% of the total male population in these birth cohorts within the city of Malmö (85% born in Sweden, 99% Caucasian), were included in that project. A follow-up of a subgroup of these men was conducted in 1994 -1996 in another screening investigation called the Malmö Diet and Cancer (MDC) study (17) . The mean time between initial testing and this follow-up was 15 years (range [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The primary aim of the original project, the methodology and general results of which have been described earlier (15, 16) , had been to find high-risk individuals for preventive interventions directed at cardiovascular disease, diabetes,
and overconsumption of alcohol. The MDC project thereafter, encompassing 6,851 subjects from the MPP project, all with fasting glucose measurements, involved an individual health examination, use of a questionnaire, and screening for cardiovascular risk factors (17) .
The present study concerned all of those in this latter group, except for 252 men who were excluded either because of having had diabetes at baseline, which was defined as blood glucose Ն6.1 mmol/l, or on the basis of their questionnaire results at follow-up (n ϭ 44). The 6,599 men who remained and constituted the present study group had a mean age at baseline of 44.5 Ϯ 4.0 years and were followed up after an average period of 14.8 Ϯ 2.4 years (median 14.7 years).
Physical examination at baseline screening During the baseline screening period for the MPP study of 1974 -1984, participants were given a physical examination by a trained nurse, and their weight in light indoor clothing and height were measured, which allowed their BMI to be calculated. Blood pressure and heart rate were measured twice in the supine position after 10 min of rest, using a sphygmomanometer of modifiable cuff width and a chronometer, and the mean of the two measurements were recorded (7). At follow-up, BMI was determined again, and changes from baseline were described in terms of ⌬ Ϫ BMI.
Laboratory investigations at baseline screening Blood was sampled at screening after an overnight fast; fasting blood glucose and plasma insulin were analyzed by the methods routinely used at the Department of Clinical Chemistry at Malmö University Hospital. Diabetes was diagnosed at baseline if there was a positive medical history of it and/or there was a single fasting whole-blood glucose value Ն6.1 mmol/l, which was in line with the 1998 World Health Organization definition (18) . A 2-h oral glucose tolerance test (OGTT) (glucose load 30 g/m 2 body surface area) was performed on a random sample of 4,453 of the original subjects; the 224 men who later developed diabetes were among these. Information on OGTT and insulin levels at baseline was available for 2,096 of the men at screening; 101 of whom later developed diabetes. The overall prevalence of diabetes in Sweden is 2-5% in the adult population, varying in different regions of the country.
Questionnaire results at baseline and at follow-up A self-administered structured questionnaire was used at follow-up to assess smoking habits, physical activity, history of hypertension, sleeping problems, and use (yes/no) of medications (7, 15) .
Smoking was defined as self-reported daily smoking. Only 4.2% of the men reported regular use of smokeless tobacco.
A questionnaire used at baseline considered two categories of physical activity (sedentary or not). At follow-up, a questionnaire adapted from the Minnesota Leisure Physical Activity Questionnaire and used in Malmö previously (19) was used. It contained questions concerning 18 different physical activities that differed for the four seasons of the year. The overall leisure time physical activity score obtained was used as a continuous variable (19) .
Social class was retrieved by data linkage with the Swedish Population Censuses conducted in 1980 and 1985. Manual and low-level nonmanual workers as well as early retirees were categorized as "low social class." Medium-and high-level nonmanual workers, selfemployed individuals, and farmers (n ϭ 19) were categorized as "high social class" (20) .
Alcohol consumption was assessed at follow-up. A menu book was used to prospectively record the intake of alcoholic beverages during 7 consecutive days (21) . Alcohol consumption (grams/week) was log transformed due to its skewed distribution.
Sleep disturbances were coded for answers to two questions concerning separate aspects of insomnia. The results were coded as either, both, or neither for 1) "Do you have difficulties in falling asleep (yes/ no)" and 2) "Do you generally use sleeping pills more than three times a week (yes/no)."
Follow-up of diabetes prevalence at rescreening At follow-up, diabetes was assessed in all subjects by questionnaire and in a subgroup of 1,551 subjects (22) by fasting blood glucose measurement. Diabetes was identified on the basis of whole blood glucose Ն6.1 mmol/l, use of antidiabetes drugs, or self-report of diabetes provided in the follow-up questionnaire.
Statistical analysis
Statistical analysis made use of SPSS (version 8.0, 1997). ANOVA (with ageadjusted P values) was used for group comparisons involving numerical data, and Pearson's 2 was used for testing proportions. Logistic regression was used to estimate odds ratios (ORs, 95% CI) for sleep disturbances and risk of future diabetes. Adjustments in the statistical analyses were made for age (with use of logistic regression analysis), BMI at screening, change (⌬) in BMI until followup, fasting blood glucose at baseline, length of the period to the follow-up, physical activity at screening and at follow-up, smoking, alcohol habits, family history of diabetes, and social class at baseline. Prediction of diabetes involved use of sleep variables for 6,549 subjects and heart rate for 6,510 subjects in a multivariate analysis. P Ͻ 0.05 was considered significant. Data analyses based on register linkages between the MPP and MDC studies were approved by the Ethical Committee of the Medical Faculty of the University of Lund.
RESULTS

Baseline findings
At baseline, 615 (9.3%) subjects declared either having problems falling asleep or using hypnotics regularly, and 158 (2.4%) subjects reported both types of sleep disturbances. There were no statistically significant age-adjusted, betweengroup differences in mean BMI, fasting blood glucose, or resting heart rate, but significant differences in lifestyle variables (smoking, physical inactivity) and social class were obtained ( Table 1) .
Prevalence of diabetes at follow-up At follow-up, 281 (4.3%) subjects had developed diabetes, 166 (2.5%) of these subjects provided self-reports of diabetes or use of antidiabetes medication. There was an overrepresentation of patients who had developed diabetes among those patients who had reported difficulties in falling asleep or regular use of hypnotics (15.3%) as compared with those to whom this did not apply (9.1%, P Ͻ 0.005) and also among those reporting both types of sleep-related problems (4.6%) as com-pared with those reporting neither type (2.3%, P Ͻ 0.034) ( Table 2) . Thus, sleep disturbances at baseline were associated with a higher prevalence of diabetes at follow-up.
There was an age-adjusted, statistically significant difference in resting heart rate at baseline between the men who later developed diabetes (heart rate 72.1 Ϯ 11.4 bpm) and those who did not (heart rate 69.2 Ϯ 10.3 bpm) (P Ͻ 0.001). Other variables showing a significant difference between groups with and without having developed diabetes were age, BMI at screening, BMI increase during follow-up time, fasting glucose, blood pressure, use of antihypertensive medication, family history of diabetes (heredity), current smoking, and social class ( Table  2) .
Independent predictors of diabetes at follow-up
A multivariate analysis of sleep disturbances and diabetes, involving full adjustments for age, BMI at screening, changes in BMI until follow-up, blood glucose at baseline, follow-up time, physical activity at both screening and follow-up, family history of diabetes, smoking, social class, and alcohol intake, likewise revealed a significant relationship between indicators of sleep disturbance and appearance of diabetes at follow-up. Difficulties in falling asleep or regular use of hypnotics showed an OR for future diabetes of 1.52 (95% CI 1.05-2.20), and the presence of both sleep disturbances showed an OR of 1.78 (0.96 -3.32). Resting heart rate, adjusted for confounding factors, provided a less-than-significant (P ϭ 0.068) prediction of risk of future diabetes, with an OR of 1.13 (0.99 -1.30) ( Table 2 ).
Subgroup-analysis 1: group with fasting blood glucose at follow-up In the 1,551-subject group for which blood glucose measurements were made, the differences between those with fasting blood glucose at follow-up and those without were small with respect to age (44.9 vs. 44.4 years), BMI (26.2 vs. 26.3 kg/m 2 ), and fasting blood glucose at baseline (4.8 vs. 4.8 mmol/l). The two groups were also similar in the proportions with and without self-reported diabetes at follow-up. In addition, the associations between sleep disturbances and diabetes as revealed by blood glucose level were virtually the same in this group as in the larger group.
Difficulties in falling asleep showed an OR for developing diabetes of 1.67 (95% CI 1.001-2.79) (P Ͻ 0.05), and regular use of hypnotics showed an OR of 2.01 (1.01-3.99). The multivariateadjusted relationships were largely the same for self-reported diabetes as for that shown by use of antidiabetes drugs, regardless of the blood glucose level (difficulties in falling asleep having an OR of 1.7 [1.1-2.6] and regular use of sleeping pills an OR of 1.7 [0.91-3.2]). Subgroup-analysis 3: adjustment for baseline fasting insulin A final analysis involved adjustment for the baseline fasting insulin level in the group with 2-h OGTT glucose value Ͻ10 mmol/l. The associations were statistically significant for both the sleep variables but not for heart rate. The men with difficulties in falling asleep showed an OR of 1.77 (1.00 -3.12), those with regular use of hypnotics an OR of 2.37 (1.13-4.94), and those with an elevated heart rate OR of 1.17 (0.94 -1.47).
CONCLUSIONS -This long-term study supports the hypothesis, based on earlier experimental research, that sleep problems are associated with alterations in metabolic variables, with glucose intolerance, and with type 2 diabetes (11, 12, 23) . At the same time, our study expands the earlier findings by showing that sleep disturbances are able to predict future diabetes in middle-aged men. Difficulties in falling asleep, regular use of hypnotics, and elevated resting heart rate at baseline were each found to be associated with future risk of diabetes. Because these variables remained statistically significant when adjusted for potential confounders (Table 2) , with heart rate of borderline significance, they may represent separate pathways for neuroendocrine activation, as previously discussed in connection with the MPP project (7). There are obvious limitations to our study. Our conclusions regarding sleep problems are based on self-reports for which we have no objective validation, such as by sleep laboratory recordings. Although diabetes was assessed at baseline on the basis not only of self-reports but also of fasting blood glucose levels and in most cases of OGTT as well, it was usually assessed at follow-up on the basis of self-reports. Nevertheless, the results at follow-up for the subgroup of 1,551 men for whom objective information on the Data are means Ϯ SD or proportions unless otherwise indicated. Results are from univariate and multivariate logistic regression analysis of predictors. Fasting blood glucose was log transformed in the multivariate analysis due to its skewed distribution. ORs are given for increase per unit. Diastolic blood pressure and use of smokeless tobacco were not included in the multivariate model. *P for trend 0.007; †OR for systolic blood pressure and log fasting blood glucose are given per SD increase, e.g., 13.7 mmHg and 0.107 mmol/l, respectively; ‡OR for heart rate is given per increase of 10 beats/min.
fasting blood glucose levels was available were similar. It could be asked whether reverse causation could explain the results through impaired glucose metabolism at baseline causing difficulties in falling asleep. However, because in the group with normal OGTT levels the results were similar after adjustments for insulin level had been made, reverse causation appears an unlikely explanation. Also, because at baseline we did not have OGTT results for all of the subjects, we may well have underestimated the true number of patients with diabetes on the basis of the 2-h glucose level criterion. Although previous studies have shown there to be an association between OSA and changes in metabolism, such as insulin resistance and concomitant glucose intolerance (24,25), and we were unable to identify individuals with OSA, the possibility of such an association influencing the results cannot be excluded. However, it appears unlikely that individuals with OSA would report difficulties in falling asleep because, instead, their problem is that of disturbed sleep patterns.
Our study, like a similar but smaller study in Japan (26) , concerns middleaged men. Although the results obviously cannot be generalized to women, it was recently shown in a study of 70,026 female nurses, in which the methodology for classifying diabetes outcome was similar to ours, that both short and long sleep duration were able to predict diabetes (27) . A sex-comparative study would be of considerable interest because it has been shown that a high percentage of women report sleep disturbances (28) .
Because it is known that depression, both diagnosed and subclinical, is associated both with insomnia (29) and with the risk of diabetes (30) , there may be certain difficulties in separating the effects of insomnia per se from those of mild undiagnosed depression.
An elevated heart rate is known to be a marker of sympathetic nervous activation (SNA) (31) , which in turn has been shown to influence insulin resistance and, thus, abnormalities in metabolism (32) . Insomnia has also been found to be associated with a decrease in heart rate variability, which is one aspect of sympathovagal imbalance (10) , and, in addition, to be a marker of the normal aging process (33) . Thus, the findings of an elevated heart rate at baseline in diabetes-prone subjects could be a marker for the dysregulation of SNA, which can contribute to the development of insulin resistance-a risk factor for diabetes.
Sleep deprivation has been found to be associated with an increased cortisol concentration (11) and to have a stimulatory effect on the hypothalamopituitary adrenal (HPA), axis (9) . A hypothesis of the neuroendocrine mediation of stress in somatic disease through HPA stimulation, and SNA has been proposed to explain the morbidity associated with stress and depression (34) . Sleep disturbances may not only be a marker of psychosocial stress but also represent a primary stressor. Sleep disturbances could influence these systems by hypothalamic activation, e.g., through HPA and SNA, possibly causing insulin resistance and increasing the risk of type 2 diabetes (7). Chronic low-grade inflammation, known to be associated with insomnia (35) (36) (37) , risk of future diabetes (38 -40) , and cardiovascular morbidity (40, 41) , is another possible mediating mechanism. Inflammation has a clear role in the development of diabetes and cardiovascular disease (40) , although its relation to insomnia has yet to be investigated.
Not everyone with sleep problems reports insomnia or seeks medical help (42) . The increasing social and occupational pressures of modern society have resulted in a decrease in average sleeping time. In western cultures, it has come to be accepted that a large proportion of the population is sleep deprived (43) . This can have detrimental effects on overall health (4) as well as on specific morbidity.
In summary, sleep disturbances and elevated resting heart rate in self-reported healthy middle-aged men were found to be predictive of diabetes at a 15-year follow-up. It appears that impaired sleep physiology can have serious long-term health effects and increase the risk of diabetes.
